reserved.
ECIPROCAL CHROMOSOMAL translocations are characteristic for hematologic malignancies and are often specific for a tumor subclass. They may either result in deregulation of an oncogene such as MYC in t(8; 14)-associated Burkitt's lymphoma or in the production of a fusion gene such as BCRLABL in t(9;22)-associated chronic myelocytic leukemia. Chromosomal breakpoints may be localized in one or multiple (distant) breakpoint clusters or may be widely dispersed over large genomic regions.
Ideally, a molecular method for detection and mapping of translocation breakpoints can detect clustered as well as more dispersed breakpoints and has a high resolution for mapping. Recently, DNA fiber fluorescence in situ hybridization (fiber FISH) methods have been developed that may provide such
The entire DNA contents of cells is released on a microscope object slide and stretched to linear DNA molecules. By hybridization with a series of adjacent or overlapping probes covering several hundreds of kilobasepairs of a potential breakpoint region and by labeling these probes in alternating colors, the genomic region under study is visualized as a color barcode. The lengths of the probes, gaps and overlaps are proportional to genomic distances in kilobasepairs. By including one or more probes with known length, the measurements are turned into a very accurate genomic map. When the hybridization is performed on preparations of (pure) tumor cells bearing a monoallelic translocation with a breakpoint in the hybridized area, half of the barcodes will be split into two complementary parts, which are recognized on the basis of their staining pattern.
Mantle cell lymphoma is a subtype of non-Hodgkin's lymphoma characterized by poor prognosis and a median survival of approximately 3 years. On the basis of morphology and immunophenotype alone, mantle cell lymphoma is difficult to distinguish from indolent lymphomas and leuke- with probes for the Ig heavy chain locus at 14q32. In 18 of 20 mantle cell lymphomas, a breakpoint within the llq13/ BCL-1 barcode was shown by the presence of multiple, complementary translocation products. Fusion of 1 lq13 and 14q32 sequences on single fibers indicating t(11;14)(q13;q32) was found in all 18 breakpoint-positive mantle cell lymphomas. In one additional case, fusion of an intact 11q13 barcode with 14q32 sequences indicated a breakpoint 100 kb centromeric of the major translocation cluster of BCL-1. Within the 120-kb region of BCL-1, breakpoints were widely scattered. This explains why, so far, a BCL-1 breakpoint had been detected by Southern blot analysis in only 10 of 19 cases. DNA fiber FISH analysis showed a t(11;14) in 95% of mantle cell lymphoma. The results indicate that DNA fiber FISH is a rapid, simple, and equally powerful method for detection of clustered and dispersed translocation breakpoints.
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mias such as chronic lymphocytic leukemia, follicular lymphoma, and low-grade lymphoma of the mucosa-associated lymphoid tissue Cytogenetically, a t(l1; 14)(q13;q32) is associated with 75% of mantle cell lymphomas:'0 whereas Southern blot analysis detects translocations in approximately 50% to 70% of the cases.".'* Translocation breakpoints are scattered within the approximately 120-kb BCL-1 region adjacent to cyclin Dl,11*'3-'5 whereas part of them are clustered in the major translocation cluster (MTC).16 The translocation leads to overexpression of cyclin D l due to juxtaposition of the Ig heavy chain gene enhancer on 14q32 to the cyclin D l gene on 11q13.'7~ '9 We tested the feasibility of DNA fiber FISH for the detection of 1 lq13 breakpoints in 20 mantle cell lymphomas using a 250-kb barcode of cosmid and P1 probes for 1 lq13. Fusion of llq13 and 14q32 was visualized by cohybridization of these probes with multiple probes for the Joining and Con-use only. Prvhes and in situ hybridization. The cosmids cos6.22, cos3.62, cos3.91, cos6.7, and cosH1.5 were isolated from a cosmid library in the pCOS2EMBL vector" and were a gift from Dr. G. Peters (ICRF Laboratories, London, UK). CL1 1-356 was obtained from JCRB (Tokyo, Japan).z3 The PI clones ICRF 700 B1587 and ICRF 700 30777 were obtained from a human P1 -library (ICRF) and identified as BCL-I MTC-positive clones (courtesy of Dr A. Geurts van Kessel, KUN, Nijmegen, The Netherlands). The p1 IEH plasmid was obtained from Dr T. Meeker (San Francisco, CA).15 The IgH cosmids U2-2 and 3/64 and plasmid pB14MD were a gift from Dr M.J.S. Dyer (Royal Marsden Hospital, Sutton, UK). IgH cosmids cosIg6 and c0sIg9'~ were a gift from Dr T.H. Rabbitts (MRC Centre, Cambridge, UK). The Ig probes were mapped relative to the constant region genes by fiber FISH (J.W.V., in preparation). The pLCl IA probe detects centromeric alphoid repeat DNA of chromosome 1 I . Probes were labeled by standard nick-translation with biotin-16-dUTP or digoxygenin-l I-dUTP (Boehringer Mannheim, Mannheim, Germany). The hybridization solution consisted of 30% fomamide, 10% dextransulphate, 50 mmol/L sodiumphosphate, pH 7.0, 2X SCC, 3 ng/pL of each probe, and a 50-fold excess of human Cot-l DNA. Hybridization and immunofluorescence detection were performed as described previously.'.'
Interphuse FISH. Nuclear suspensions were isolated from 30-pm frozen tissue sections. Nuclei were treated with l mL 0.075 mol/ L KC1 for 10 minutes, fixed by methanollacetic acid 3: I vol:vol. centrifuged at 1,000 RPM for 7 minutes, and filtered (pores, 80 pm). Nuclei were centrifuged on glass slides, air-dried, and treated with 0.1 moln Na,B,O, for 15 minutes, rinsed in HzO, and 2 x SSC, pH 7.0, treated with RNA-se A (100 pg/mL), rinsed in 2 x SSC and PBS, fixed in 4% phosphate-buffered formalin for 2 minutes, rinsed twice in PBS and once in PBS at 37°C. and treated with 0.1% pepsin (wtlvol; Serva, Heidelberg, Germany) in 0.01 N HCI (37°C) for 30 minutes. After three washings in PBS, postfixation in 4% phosphatebuffered formalin for 2 minutes, and three washings, nuclei were hybridized as previously described." Cosmids cos6.7 and cosH1.5 were used to detect breakpoints within an approximately 600-kb region around the cyclin D l gene, and cosmids cos3.91 and CL1 I -376 were used to detect possible breakpoints within an approximately 750-kb large region telomeric of the cyclin Dl gene at 1 1 q 13.
Fluorescence microscopy. 
RESULTS
The 3 cosmid and 2 P1 probes for 1 lq13 were hybridized to DNA fiber preparations of fibroblast cell line VH25. On the basis of the hybridization pattern, a map of these 5 clones was constructed and a 250-kb color barcode was generated. Next, the 1 lq13 probes were hybridized to DNA fiber preparations of 20 mantle cell lymphomas, 6 other non-Hodgkin's lymphomas, and 2 normal tonsils. In 18 of 20 mantle cell lymphomas, broken barcodes were observed in addition to the intact germline barcode. Each of these 18 mantle cell lymphomas contained two different but complementary broken barcodes, probably representing the Ilq-and 14q+ translocation products. In all cases, more than 10 identical 1 Iq-products and 10 identical 14q+ products complementary to the 1 lq-products were easily found. An example is shown in Fig I. In each case, five of the complete and five of each of both broken barcodes were measured. Figure   2 shows a composite image of barcodes found in one tumor. The mean breakpoint position in each tumor was calculated and is shown in the map of Fig 3. All 8 ple cosmid and plasmid probes; J.W.V., in preparation). Fu-the breakpoint 78 kb centromeric from the 5' end of B1587 sion products of the 1 lq13 and 14q32 barcodes were oband approximately 100 kb from the MTC. served in 18 of 18 breakpoint-positive mantle cell In 1 mantle cell lymphoma (pool), no breakpoint could lymphomas (an example is shown in Fig 1) . Additionally, a be detected. To find a possible breakpoint in an even wider fusion product was found in one of the two negative tumors, region around the cyclin Dl gene at llq13, we investigated with a large gap between the intact 1 lq13 barcode and the this case with interphase FISH on nuclei isolated from frozen 14q32 barcode. Measurement of this gap enabled us to map tissue sections using two different cosmids pairs in total 
MTC
of approximately 1,200 kb around the cyclin Dl gene at l lq13. Sixty percent of interphase nuclei showed a single set of cohybridizing spots, but no breakpoints within this part of l lq13. Additional hybridization with a probe specific for centromeric DNA of chromosome 11 showed single spots in a majority of cells, suggesting monosomy 11 (data not shown).
To compare the localization of the breakpoints as determined by DNA fiber FISH with the Southern blot data, the positions of the plasmid probes used for Southern blot analysis and their detection range as defined by the appropriate restriction sites, were added to the fiber FISH map. Because the position of probe pllEH was not sufficiently documented, this probe was mapped by fiber FISH by cohybridization of this probe with the P1 probe 50777. Mapping of all 1 lq13 breakpoints by DNA fiber FISH showed that all 10 Southern blot-positive lymphomas had a breakpoint localized in the detection area of the respective probe and that all 9 Southern blot-negative tumors had a breakpoint outside of these areas (Fig 3) . Additionally, the single case not tested by Southern blotting (case p215) contained an llq13 breakpoint outside these areas.
DISCUSSION
We showed the usefulness of DNA fiber FISH for the detection and mapping of chromosomal translocations. Using this novel technique, we found a translocation t( 11; 14) in 95% of mantle cell lymphomas versus in 53% using conventional Southern blot analysis. Mapping of llq13 breakpoints by DNA fiber FISH showed a complete concordance between this method and Southern blot analysis.
Many translocation breakpoints in lymphoid neoplasias, including mantle cell lymphoma, Burkitt's lymphoma, and follicular lymphoma, are dispersed over large areas of several hundreds of kilobasepairs or are clustered in widely separated
Using DNA fiber FISH, we were able to detect translocations in an area of 250 kb in a single experiment. Previous experiments have shown that larger areas up to 500 kb can be covered in a single hybridizaChromosomal breakpoints can be detected by various molecular and other techniques. In order of detection range, these techniques are metaphase cytogenetics (conventional banding analysis), interphase cytogenetics with FISH, pulsed field gel electropheresis, Southern blot analysis, and PCR. Conventional banding analysis needs isolation and culturing of viably suspended tumor cells. Furthermore, the technique has a limited resolution and sensitivity. Techniques with a detection area comparable to that of fiber FISH are interphase FISH and pulsed field gel electrophoresis. What makes fiber FISH more attractive than interphase FISHz5 is the ability to precisely map breakpoints and the unambiguousness of the results. Specific signals in fiber FISH are always recognized as fluorescent strings in alternating colors, which are easily distinguishable from the starry sky-like nonspecific signal. Therefore, hybridization and washing conditions are far less critical in fiber FISH than in interphase FISH and even enable the use of relatively small plasmid probes, as shown in the current investigation. Because of the specificity of the tion7.h.28 (J.W.V., unpublished results). fluorescent pattern in fiber FISH, observation of relatively few complementary barcodes with identical breaks is sufficient to identify a chromosomal breakpoint. As shown, the specificity of breakpoint analysis can be enhanced by simultaneous visualization of the relevant juxtaposed chromosomal regions, in this case 1 lq13 and 14q32 barcodes, on single DNA fibers. Pulsed field gel e l e c t r o p h o r e s i~~~~~~ is a relatively difficult method not routinely applicable for breakpoint analysis. As compared with fiber FISH, Southern blot analysis has a limited detection range (<20 to 25 kb) that depends on the available probes and restriction sites at the locus of interest. Thus, one single fiber FISH experiment enables screening of genomic areas that are 15 to 25 times the area covered by an average Southern blot analysis. Although PCR is a very fast method, it has a very small detection area of up to several kilobases, resulting in a high failure rate in cases of dispersed breakpoints. DNA fiber FISH may also be useful for the analysis of tumors with a fusion gene such as BCWABL in chronic myeloid leukemia, in which no RNA is available for reverse transcription-PCR.
Fiber FISH is a relatively rapid method. A tissue sample recieved on the morning of day 1 can be diagnosed in the afternoon of day 2, provided that labeled probes are available. DNA fibers can be isolated from fresh material or archival frozen tissue and there is no need to make viable cell suspensions or to enrich for tumor cells. However, the sensitivity of the method for detection of limited numbers of tumor cells, for instance, in a setting of residual disease after therapy, has to be explored by dilution experiments.
Recently, we and others showed that cyclin Dl is overexpressed in many if not all mantle cell lymphomas.20~'' The present study shows that there is a near-absolute if not full correlation between overexpression and t(l1; 14)(q13;q32), indicating that, at the genetic level, mantle cell lymphoma is a relatively uniform disorder. In only 1 mantle cell lymphoma could an 1 1 q 13 breakpoint not be detected in the 250-kb region surrounding the cyclin D l gene by fiber FISH or in an approximately 1,200-kb region as determined by interphase FISH analysis. In this tumor with loss of one chromosome 1 l, cyclin D1 overexpression may have been caused by a genetic or other defect that cannot be detected by FISH. For instance, in some mantle cell lymphomas, small deletions contributing to a reduced degradation of cyclin D l mRNA have been described in the 3' untranslated region of the gene.", '3 The breakpoints mapped by fiber FISH were scattered over the entire area between the MTC and the cyclin D l gene and one was 100 kb centromeric from the MTC. Apart from the MTC, a large proportion of breakpoints mapped around probe p1 1EH. We did not identify any breakpoint telomeric of the cyclin D l gene, a region involved in rare variant translocations to Ig light chain genes. '3 
